The Influenza A virus is a great threat for human health, while various subtypes of the virus made it difficult to develop drugs. With the development of state-of-art computational chemistry, computational molecular docking could serve as a virtual screen of potential leading compound. In this study, we performed molecular docking for influenza A H1N1 (A/PR/8/34) with small molecules such as quercetin and chlorogenic acid, which were derived from traditional Chinese medicine. The results showed that these small molecules have strong binding abilities with neuraminidase from H1N1 (A/PR/8/34). Further details showed that the structural features of the molecules might be helpful for further drug design and development. The experiments in vitro, in vivo have validated the anti-influenza effect of quercetin and chlorogenic acid, which indicating comparable protection effects as zanamivir. Taken together, it was proposed that chlorogenic acid and quercetin could be employed as the effective lead compounds for anti-influenza A H1N1.
Scientific RepoRts | 6:19095 | DOI: 10.1038/srep19095 antiviral properties , while recent studies also showed quercetin was anti-inflammatory and helpful for reduce the risk of pancreatic cancer for smokers 16, 17 . Chlorogenic acid, a natural polyphenol product from various plants, has antiviral and antihypertensive activity, and could protect dopaminergic neuron from neuroinflammation [18] [19] [20] . In this study, we employed the virtual screen method to explore the potential anti-influenza A activity of several TCM small molecules including quercetin and chlorogenic acid. The H1N1 (A/PR/8/34) subtype was employed for computational and experimental studies. Autodock was used to perform the molecular docking, and the structure of NA protein was modeled from previously reported N1 structure. The results showed that, it was found that the computed binding energy between NA and the two molecules were comparable with the results that from zanamivir. To test the antiviral ability of quercetin and chlorogenic acid, the experiments in vitro and in vivo were performed. The results suggested quercetin and chlorogenic acid have the antiviral ability. Further detailed analyses showed that these two molecules could serve as a good start for NA inhibitor-like anti-influenza A drug development.
Results
Preparation the structures of A/PR/8/34 H1N1 NA and small molecules. In this study, we selected the structure of NA from A/Brevig Mission/1/1918 H1N1 (PDB ID: 3BEQ) as the template 21 . Through sequence alignment with Clustal Omega 22 , the identity of the two sequences is computed as 93.25%, and the detailed alignment result was presented in Fig. 1A . Previously, it was found that a number of residues including Glu119, Arg156,Trp178, Ser179, Asp/Asn198, Ile222, Glu227, His274, Glu277, Asn294, and Glu425 were critical for the activity of NA 21 . It was observed that these key residues were conserved between the two sequences (Fig. 1A ). To further evaluate the modeling, the modeled structure was compared with the template, and the result was presented by PyMOL 23 . It was obvious that the two structures were nearly identical (Fig. 1B) . The detailed results for the local structure of the key residues were presented in Fig. 1C ,D, which indicated that the pocket for NA activity is structurally conserved. Taken together, it was observed that the modeled structure is reliable for further computational studies.
Molecular docking between NA and small molecules. To further investigate the potential binding between NA and the compounds, the molecular docking was performed. The molecular docking between zanamvir and NA was employed as the control to evaluate the binding ability of other molecules. The binding energies for the fifteen small molecules from docking results were summarized in Fig. 2 , which showed that quercetin and chlorogenic acid had highest binding energies comparable with zanamvir. Thus, further investigations in this study were focused on quercetin and chlorogenic acid. The detailed docking results such as binding energies and inhibition constants were presented in Table 1 . It was observed that the binding energies between NA and the two molecules are comparable with zanamvir. The docking energy for zanamvir, quercetin and chlorogenic acid were − 11.24 kcal/mol, − 10.23 kcal/mol and − 11.05 kcal/mol, respectively. These results indicated that the NA binding ability of the small molecules were useful for further studies.
To further dissect the docking energies, the contributions of different energies were analyzed. For the interaction between NA and small molecules, the van der Waals' interaction, hydrogen bond (H-bond), desolvation energy and electrostatic energy contributed as the major part (vdW + Hbond + desolv). In the docking results, it was observed that the vdW + Hbond + desolv energy for chlorogenic acid is − 11.1 kcal/mol, which is equal with zanamvir. For quercetin, the result was smaller as − 8.09 kcal/mol, respectively. Zanamvir aslo has the highest electrostatic energy as − 3.1 kcal/mol, while the electrostatic energies for quercetin and chlorogenic acid were − 0.59 kcal/mol and − 2.49 kcal/mol, respectively. The internal energy and inhibition constant were also calculated and presented in Table 1 , while all the results indicated these small molecules have the potential to binding NA. Furthermore, the inhibition constants calculated for zanamivir, quercetin and chlorogenic acid were 5.73, 31.97 nd 7.98nM, respectively (Table 1) , which indicated that quercetin and chlorogenic acid might have considerable NA inhibition ability.
To further evaluate the druggabilities, toxicities and promiscuities of quercetin and chlorogenic acid, FAF-Drugs3 24 was employed to perform chemical informatic analyses for zanamvir, quercetin and chlorogenic acid. The structures of the molecules were presented in Fig. 3 , while the results were showed in Table 2 . For quercetin and chlorogenic acid, it was observed that: the molecular weights were similar as ~500; the logarithm of the partition coefficient between water and 1-octanol (known as logP) was less than five; the number of rotatable bonds is less than 10; the number of hydrogen atoms acceptors is less than 10; the number of hydrogen atoms donors is less than 10. Thus, quercetin and chlorogenic acid matched Lipinski's rule of five 25, 26 , which indicated that these two compounds had low toxicities and promiscuities, and high druglikeness.
Structural insights of the docking complex.
To further understanding the details of NA binding for the molecules, the molecular structures for the NA in complex with the molecules were analyzed. The complex structures for zanamvir, quercetin and chlorogenic acid were presented in Fig. 3 . The key residues were labeled while the interaction details were visualized. As the important molecular mechanism, the H-bond were analyzed and shown as dotted line, while the residues from NA for H-bond were summarized in Table 3 .
As the result presented in Fig. 3D , it was observed that there were 21 H-bonds between zanamvir and 11 residues of NA. The binding area was critical for the activity of NA, while the abundant H-bonds indicated that the H-bonds were important for the binding between small molecules and NA. Figure 4E shows that the binding of quercetin could generate 17 H-bonds, which indicated that quercetin could serve as a leading molecule as NA inhibitor. For chlorogenic acid, 15 H-bonds could be formed with NA ( Fig. 4F ), while the average energy for H-bonds was higher than zanamvir.
Validation of NA inhibition ability for small molecules. To validate the NA inhibition ability for small molecules that showed high binding potential in the docking experiments, experiments including in vitro neuraminidase activity assay and cytopathic effect assay were carried out. Firstly, MTT cell proliferation assay was performed to obtain the maximum non-toxic dose (MNLD). It was observed that the MNLDs for zanamvir, quercetin and chlorogenic acid were 71.31, 61.54 and 73.72 μ g/ml, respectively, which indicated that the toxicities of the three compounds might be similar. Then a series of concentrations including 1.56, 3.13, 6.25, 12.5, 25 and 50 μ g/ml were employed, while the in vitro neuraminidase activity assay and cytopathic effect assay were parallel performed. From the results shown in Table 4 ( Fig. 4A) , it was observed that the three compounds could significantly inhibit the activity of neuraminidase at the concentrations of 1.56 μ g/ml for zanamvir and quercetin and 3.13 μ g/ml for chlorogenic acid (Fig. 4A) . Furthermore, since the fluorescence intensity was reported as no significant difference in comparison with the control, it seems that the activity of neuraminidase was nearly fully inhibited by quercetin and chlorogenic acid under the concentration of 50 μ g/ml. These results indicated that quercetin and chlorogenic acid showed considerably comparable neuraminidase inhibition abilities. Furthermore, the protection effect of the three compounds for cells were evaluated and compared. The cytopathic effect (CPE) and protective effect rate (ER) were calculated and presented in Table 4 and Fig. 4B ,C. It was observed that the cytopathic effect (CPE) and protective effect rate (ER) for cells treated with quercetin and chlorogenic acid were significantly low and high, respectively, which indicated that the two compounds have protection effect for influenza-infected cells. Interestingly, the CPE results were consistent with neuraminidase activity assay that the quercetin and chlorogenic acid were effective at low concentrations of 1.56 μ g/ml and 3.13 μ g/ml, respectively. The MTT based protective effect rate (ER) assay for the three compounds showed a dose-dependent results (Table 4 , Fig. 4C ). In vivo validation of anti-influenza abilities of quercetin and chlorogenic acid. Since the infection of influenza could cause the death, increase lung index and pneumonia, survival rate and lung index (Lung weight / Body weight) could be employed to evaluate the protection effect of the compounds 27 . In this study, influenza A H1N1 (A/PR/8/34) infected mice were treated with compounds of different doses including 240, 480 and 960 mg/ Table 4 . Validation of NA inhibition ability for small molecules. *p < 0.05, **p < 0.01, ***p < 0.001, the values were compared with placebo controls.
kg/d through intragastric administration. As shown in Table 5 and Fig. 4D , treatments with chlorogenic acid and quercetin at the dose of 240 mg/kg/d could promote the survival rates from 40% and 60% to 56% and 80%, respectively. Furthermore, the inhibition rate of lung index were measured for the chlorogenic acid and quercetin treated mice as 20.2%, 14.4%, 12.2%, and 26.1%, 16.5%, 14.7% at the doses of 240, 480 and 960 mg/kg/d. It was observed that the inhibition rates were in a dose-dependent manner, while the survival rate and lung index for quercetin (80%, 0.72 ± 0.07) at 960 mg/kg/d were similar with zanamvir at 480 mg/kg/d (90%, 0.65 ± 0.10) ( Table 5 and Fig. 4E ).
Material and methods
Molecular structure preparing. The NA structure of A/PR/8/34 H1N1 was modeled from the structure of A/Brevig Mission/1/1918 H1N1 (PDB ID: 3BEQ) 21 by SWISS-MODEL Workspace [28] [29] [30] . The identity of two NA sequences between A/Brevig Mission/1/1918 and A/PR/8/34 was 93.25%, which indicated that the modeled structure was reliable. All the visualizations of molecular structures were performed with PyMOL (Version 1.7.2, available at http://pymol.org) 23 . To find potential anti-influenza small molecules, we curated the plants from traditional Chinese medicine which were identified to have anti-influenza effects from published literature in Chinese. Then the components which were bioactive and identified in these plants were collected. In total, fifteen small molecules were collected for molecular docking inlcuding hypericin from Forsythia suspense, chlorogenic acid, laurostearic acid, oleanolic acid, caffeic acid, quercetin, theaflavin from Honeysuckle, andrographolide A, andrographolide B, curcumenol from Andrographis paniculata, chrysophanol, emodin from Rheum, pulegone, rosmarinci acid from Rosmarinus officinalis, and cinnamaldehyde from the root of Chinese thorowa. The structures for these small molecules were retrieve from the ZINC database, which is a curated collection of commercially available chemical compounds 31 .
Molecular docking. In this study, AutoDock software version 4.2 (http://autodock.scripps.edu) were employed to perform molecular docking as previously described 32 . AutoDock incorporates limited flexibility in the receptor, it combines an empirical free energy force field with a Lamarckian Genetic Algorithm, providing fast prediction of bound conformations with predicted free energies of association 33, 34 . The binding energy is calcualted as the sum of the intermolecular energy and the torsional free-energy [34] [35] [36] . The modeled NA structure was employed as the receptor to docking with these small molecules. The AutoDockTools1.5.6 software was employed to prepare the docking procedures 33 . The default 0.375 Å spacing was adopted for the grid box, and the volume was set as 72 × 72 × 72. The key residues for NA were selected as the docking pocket, which contains eight residues including Arg118, Asp151,Arg152, Arg224, Glu276, Arg292, Arg371, Tyr40 21, [37] [38] [39] .The number of runs was set as 100. Furthermore, FAF-Drugs3 software (http://fafdrugs3.mti.univ-paris-diderot.fr) was used to carried out chemical informatics analyses for the small molecules 24 .
Virus strain, cell culture and animals. Animals Table 5 . In vivo validation of anti-influenza abilities of quercetin and chlorogenic acid. *p < 0.05, ** p < 0.01, ***p < 0.001, the values were compared with placebo controls.
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Co., Ltd., Shanghai, China. Zanamivir was provided by Adamas Pharmaceuticals. Molecules were dissolved in DMSO and CMC for in vitro and in vivo experiments.
Cytotoxic Assay for Zanamivir, quercetin and chlorogenic acid. The noncytotoxic doses of three kinds of molecules on MDCK cells were determined by the methyl-thiazolyl-tetrazolium (MTT) method respectively and the maximum non-toxic concentrations (TC0) were calculated by R package 'drc' 41 .
The cytopathic effect assay. MDCK cells grown in 24-well plates for 24 h were washed with serum-free medium and then infected with 400 μ l of 100 TCID 50 influenza virus A/PR/8/34 for 2 h at 37 °C. Unabsorbed virus was removed and the cells were treated with various doses of chlorogenic acid or quercetin solution (1.56, 3.13, 6.25, 12.5, 25 .0, 50.0 μ g/ml). The uninfected cell controls and placebo controls were included in each test. Zanamivir served as the positive control drug, which was used for estimating antiviral efficiency. Then, the plates were incubated at 37 °C. This experiment was repeated 3 times. The cell monolayers were examined by microscope every 12 h, and the cytopathic effect (CPE) induced by influenza virus was marked on a scale from 0 (no CPE) to 4 (100% CPE).
Evaluation of anti-H1N1 effect rate. MDCK cells were cultured in 96-well plates and cultured in minimum essential medium (MEM) for 2 days at 37 °C to >90% confluence. Cells were washed with serum-free Medium and infected with 100 μ l of 100 TCID 50 influenza virus A/PR/8/34 (H1N1) for 2 h at 37 °C. After removing the virus-containing medium, the cells were treated with various doses of chlorogenic acid, quercetin and zanamivir solution in MEM. Zanamivir served as positive control in all experiments, which was estimated for antiviral efficiency. Then, the 96-well microtiter plates were cultured at 37 °C and 5% CO 2 for 48 h. The antiviral efficiency was determined with MTT method, the absorbance of the solution was measured spectrophotometrically at 570 nm with automated plate reader, while the effect rate (ER) was defined as follows:
ER the absorbance of the control group the placebo control's the absorbanceof the normal group the placebo control's 100
Enzymatic Assay of NA Activity by Fluorometric Substrate. When the monolayer MDCK cells cultured in 96-wells plates grew to 90% of plates, the maintenance medium was removed from replicates. The wells were washed with serum-free medium and inoculated with 100 μ l of 100TCID 50 influenza virus A/PR/8/34 (H1N1) for 2 h at 37 °C incubator which contained 5% CO 2 . The unabsorbed virus was removed, the cells were treated with molecules solution in a series of concentration from 1.563 ug/ml to 50 μ g/ml. Zanamivir was used to evaluate the ability of molecules antiviral activity and served as the positive control. Then, the plates were sealed and incubated at 37 °C for 48 h. The cells were frozen and thawed three times. 8 min later, the supernatant of the cells was harvested for the assay of neuraminidase by Neuraminidase Inhibitors Identification Kit P0306-1.
In vivo anti-influenza virus experiments.
A total number of 198 BALB/c female mice were randomly divided into 11 groups. All of mice were anesthetized by 1% pentobarbital sodium solution, and then infected with 24MLD 50 mouse adapted influenza virus A/PR/8/34 suspension with 0.1% bovine serum albumin (BSA) in PBS through intranasal administration. The oral administrations of chlorogenic acid and quercetin were suspended in 0.1% (w/v) sodium carboxymethylcellulose (CMC) solution, and 24 h after virus infection the suspension was delivered to the mouse with several doses of chlorogenic acid and quercetin solution (240, 480, 960 mg/kg/d) twice daily for 4d. Zanamvir and CMC were given as a positive controlled and placebo controlled, respectively.
Ten mice per group were used to observe for clinical signs of infection or death in 14d. On day 5 of infection with virus, lung infection parameters were assessed and per group had 8 animals. Mice were weighed and sacrificed, and then their lungs were removed and weighted. Body weight and lung weight were assigned to A and B, lung index of the drug-treated group and lung index of the infected controls were assigned to C and D, respectively. The lung index means B/A × 100%, the lung index inhibition means (D -C)/D × 100%.
Discussion
Recently, influenza A became a great threat to human health, while the effective drugs were limited because of the resistance to drugs generated from various mutation 6, 29, [42] [43] [44] [45] . However, conventional drug development is time-consuming and labor-intensive, while computer-aid drug design could provide helpful information. In this study, computational screen was employed to discover small molecules with NA inhibition ablities and anti-influenza potential from TCMs. Since the protein structure is the basis for molecular docking based screening, the structure of NA (A/PR/8/34 H1N1) was computationally modeled from NA (A/Brevig Mission/1/1918 H1N1) through state-of-art homology-based computation. Through computational screen, we proposed that small molecules from TCMs including chlorogenic acid and quercetin might be highly potential anti-influenza candidate. The in vitro and in vivo experiments validated the protective effects of the two molecules. It was observed that chlorogenic acid and quercetin could protect influenza A H1N1 infected cells and mice at a comparable level of zanamvir, while quercetin acts at a lower dose. In this study, the small molecules were delivered through intragastric administration, which ensured the absorption. However, the rate of oral absorption of zanamvir is limited as 2% 10 , which indicated that the deliver efficiency of chlorogenic acid and quercetin should be carefully investigated. Furthermore, the in vivo absorption and metabolism of small molecules is complicated. Previous study showed that the metabolism product of oseltamivir carboxylate for oseltamivir is the active component with anti-influenza activity 46 . For quercetin, previous study showed that it was absorbed at the rate of 59.1% after hydrolyzing in intestinal tract 47 , while only 5.3% was absorbed directly 48 . The absorption of chlorogenic acid was also low and relied on methylation in intestinal tract 49, 50 . Thus, further studies should be contributed to analyze the pharmacokinetics for these two small molecules. Taken together, the molecular docking results indicated that chlorogenic acid and quercetin could serve as leading molecules for the development of anti-influenza A drug, while this study provide an initial step for the further design and improvement.
